This paper presents a climbing robot with wheeled locomotion and adhesion through permanent magnets, developed with the intention of being used in the inspection of different types of man-made ferromagnetic structures, such as towers for wind turbines, fuel storage tanks, and ship hulls. In this paper are presented the main considerations thought for its project, as well as several constructive aspects, among which are detailed its mechanical and electrical construction, the implemented control architecture, and the human-machine interface developed for the manual and automatic control of the vehicle while in operation. Although it can be manually controlled, the vehicle is designed to have a semiautonomous behavior, allowing a remote inspection process controlled by a technician, this way reducing the risks associated with the human inspection of tall structures and ATEX places. The distinguishing characteristic of this robot is its dynamic adjustment system of the permanent magnets in order to assure the machine adhesion to the surfaces, even when crossing slightly irregular and curved surfaces with a large radius.
Introduction
The interest in the development of climbing robots has grown rapidly in recent years. Climbing robots are useful devices that can be adopted in a variety of applications such as maintenance, building, inspection, and safety, mainly in the process and construction industries. These systems are mainly adopted in places where direct access by a human operator is very expensive, because of the need for scaffolding or special structures, or very dangerous, due to the presence of an hostile environment. The main motivations for its use are to increase the operation efficiency, by eliminating the costly assembly of scaffolding, or to protect human health and safety in hazardous tasks. Several climbing robots have already been developed, and others are under development, for applications ranging from cleaning to inspection of difficult to reach constructions [1] .
A wall-climbing robot should not only be light, so that it may reduce excessive adhesion forces, but also have large payload in order to carry instrumentations and ancillary equipment, for the tasks it is designed, during navigation. These machines should be capable of travelling over different types of surfaces, with different inclinations, such as floors, walls, ceilings, and to walk between such surfaces [2] [3] [4] [5] . Furthermore, they should be able of adapting and reconfiguring for various environment conditions and to be self-contained.
In recent decades, there have been many applications envisioned for these robots, especially in the areas of cleaning, inspection, maintenance, or troubleshooting of hazardous environments, or on the exterior of tall buildings and other human constructions [2, 6, 7] .
Finally, its application has also been proposed in the areas of assistance to humans [8] and prevention measures and fire fighting [9, 10] .
Up to now, considerable research has been devoted to these machines and various types of experimental models have already been proposed-according to Chen et al. [10] , more than 200 prototypes aimed at such applications have been developed worldwide by the year 2006.
However, it is worth noting that the practical application of climbing robots, out of the laboratory environment, is still limited [2] . Excluding a small number of successful industrial products [11, 12] , most are just prototypes, and few of them can be found in current use, due to their poor performance during on-site testing (regarding aspects such as its speed, cost, and reliability). Chen et al. [10] presents the main project issues affecting the performance of climbing robot systems and suggests possible solutions to the identified problems.
The major two issues involved in the conception and design of wall climbing robots are their locomotion and adhesion methods [1] .
The following described organization of the climbing robots, according to their methods of locomotion and adhesion to surfaces, is not consensual. There are other authors who classify the methods of locomotion and adhesion to the surfaces of these machines according to other categories [7, [13] [14] [15] .
With respect to the locomotion type, three types are often considered: robots that use sliding segments for locomotion (the frame walking), those that move using wheels and those using legs for locomotion. Robots that make use of sliding segments are capable of moving relatively fast, but are not suitable to be applied in very irregular surfaces. Wheeled robots can move only on surfaces with small irregularities, moving at relatively high speeds. On the other hand, robots with legs easily handle the obstacles encountered in the environment, while its speed is usually smaller and require complex control systems.
Regarding the adhesion to the surface, climbing robots should be able to produce a secure gripping force, to ensure that the vehicle moves safely, using a light-weight mechanism. According to the adhesion method, these robots are generally classified into four groups: vacuum or suction cups, magnetic, gripping to the surface, and propulsion type. Recently, new methods for assuring the adhesion, based on biological findings, have been proposed.
The principle of adhesion based on the creation of a depression or vacuum presents as its main characteristics the fact that involved mechanisms are lightweight and easy to control, although it presents the problem of compressed air supply. An alternative, with costs in terms of weight, is the adoption of a vacuum pump. Adherence based on the principles of magnetism involves heavy actuators and can only be used on ferromagnetic surfaces. The use of gripping to the surface for the purpose of adherence implies that the surfaces in which these robots move exhibit characteristics that facilitate their gripping. Robots that use propulsion forces make use of thrust forces developed by propellers to adhere to surfaces, but are used in very limited and specific applications, mainly in submerged environments.
Among the drawbacks of the adhesion based on magnets, one can mention the fact that if the surface is very thin, it can deform and bend. In the limit situation, the surface can enter in contact with the permanent magnets, this way making difficult the locomotion of the robot. Another problem that can arise with this technology is associated with the fact that the surface can present irregularities. These irregularities can make the permanent magnets very close to the surface, even causing their contact, leading to the manifestation of an increased friction; the opposite situation can also occur, that is, an exaggerated clearance, which might jeopardize the ability of the robot to adhere to the surface where it is moving, that could even lead to his downfall.
To overcome this problem, in the machine presented in this paper (see Figure 1 ), is implemented a device to vary the distance between the magnets and the surface where the robot moves, depending on the dimensions of the irregularities detected by the robot itself, in order to maintain this distance constant and controlled. Thus, we propose a robot with permanent magnets, which are dynamically adjusted to the surface of displacement, through the adoption of a system to detect the magnets distance from the surface, using two inductive sensors combined with a support structure coupled to an actuated worm shaft.
Keeping these ideas in mind, the sequel of this paper is organized as follows. Section 2 presents a brief state of the art concerning climbing robots using magnetic adhesion and adopting wheels for locomotion. Section 3 presents the main design considerations taken into account when designing the robot. Based on these design considerations, Section 4 introduces the mechanical structure of the robot and Section 5 its control architecture. Based on the implemented electronics, in Section 6 is presented the programming architecture for the vehicle and, in Section 7 the HumanMachine Interface developed for the manual and automatic control of the climbing robot. In Section 8 are presented and discussed several experimental results obtained while testing the prototype. Finally, in Section 9 are presented the main conclusions of the work.
State of the Art
This section analyzes the main characteristics and technological aspects of climbing robots adopting locomotion through wheels and adhesion based on magnetic actuators.
Wheeled Locomotion.
A common form of locomotion for climbing machines is the adoption of wheels [3, 5, 13, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . These robots can easily achieve relatively high speeds, when compared with vehicles that use other strategies to implement the locomotion, but have limitations in transposing obstacles.
It is frequent, in this case, the adoption of permanent magnets or the suction force to ensure the vehicle adherence to the surface of displacement. In more rare cases, there are robots that move on wheels but who grab to the displacement surface to ensure the adherence [26] .
In the case of using wheels to implement the locomotion, often the vehicle only presents a two-wheel drive and a passive wheel, in a tricycle structure [7, 17, 19, 25, 27] since the use of vehicles with four or more wheels implies the adoption of a damping system that ensures that the wheels are always in contact with the surface, even if it presents irregularities [7] .
However, on some wheeled robots that use permanent magnets for adhesion to the surface, there are problems and control difficulties. If the surface is not flat or shows irregularities, the distance change between the permanent magnets and the surface of adhesion leads to the variation of the magnetic adhesion force. This variation can, in the worst situation, be insufficient to ensure the robot adherence to the surface, causing it to become detached; on the other extreme, it can cause the magnets contact with the surface, dramatically increasing the friction force, and hindering the movement of the vehicle [17, 20] .
In the case of wheeled robots that use the suction force for adhesion to the surface, there are also control difficulties. These vehicles need to maintain a spacing between the surface where they are moving and the base of the robot. This technique can create problems, both with the loss of pressure, or with the increased friction with the surface, especially if the spacing is too small, or if some material is used to minimize the pressure leakage.
To overcome the limitation that these vehicles present in the transposition of obstacles, Longo and Muscato [19] developed a modular robot, which they called Alicia 3 based on the Alicia II robot with wheeled locomotion. This system results from the junction of three Alicia II modules, through two links with joints at their ends, which are actuated by two pneumatic cylinders. In the absence of obstacles the system moves using all the wheels, meaning that all Alicia II modules are in contact with the surface. When a barrier or an obstacle, with a height greater than 1 cm, is detected in the path of the vehicle, the system removes the Alicia II modules of the surface, one by one, in order to surmount the obstacle by moving the corresponding links to each end module. To separate the central module, the system moves the two links simultaneously. Additionally, each of the modules can perform a rotation in relation to the links between them, so as to allow the movement in any direction.
Magnetic Adhesion.
The most important task in the design and development of a climbing robot is to develop an appropriate mechanism to ensure that the robot adheres to different types of walls and/or surfaces reliably without sacrificing its mobility.
Magnetic adhesion is a principle adopted for the creation of an adhesion force, in specific cases where the surface allows it. Magnetic adhesion can be highly desirable due to its inherent reliability. This method is fast but, depending on the final weight of the robot, may involve the use of heavy actuators to obtain the required adhesion force. Nevertheless, the magnetic adhesion is only useful in specific environments where the surface is ferromagnetic and, thus, represents an unsuitable option for most applications.
One possibility is the use of electromagnets [28] [29] [30] . Another possibility is the use of permanent magnets for assuring the robot adhesion to surfaces, combined with the use of wheels [17, 18, 25] (as in this case) or tracks to move [16, 31] . The main advantages of the solution with permanent magnets is that there is no need to spend energy in the adhesion process, the robot does not experience any loss of adhesion in the case of a power failure and the fact that permanent magnets are suitable for application in hazardous environments, such as the ATEX zones associated with flammable products stored in warehouses or tanks [18, 27] .
The main problem that can arise with this technology, relates to the minimum thickness of the surface on which the robot moves. If the thickness of the surface is too small, it can deflect and come into contact with the magnets. This leads to a large increase of the frictional force between the vehicle and the displacement surface preventing, in the limit situation, the motion of the robot. To overcome this problem, Akinfiev and Armada [17] suggest using a device to vary the distance (and the relative slope, if necessary) between the magnets and the displacement surface, according to the shape and dimensions of the irregularities detected by the robot, in order to maintain this distance approximately constant. This is the type of solution adopted in the developed prototype, although with major constructive differences.
A third solution is to use wheels or tracks equipped with permanent magnets, spaced at regular intervals over the surface of the wheels or tracks, that allow to implement the locomotion and adhesion at the same time [20, 22, 31, 32] .
Permanent magnets are fragile and can break, and can cause marks on the surfaces. Furthermore, its surface is smooth which can lead to slipping of the vehicles during their locomotion. To prevent these situations, Yan et al. [16] covered the permanent magnets with a thin layer of vulcanized rubber to eliminate these potential problems, without great loss of adhesion force strength.
The adoption of permanent magnets makes the robot more reliable and secure, but there is one drawback: it is more difficult to control adhesion and, in particular, the release of the robot from the surfaces in which it must work. To minimize this problem, dedicated equipments to facilitate the removal of the robot from the surfaces in which it moves are sometimes provided [16] .
Robot Main Design Considerations
Bearing in mind the above presented state of the art, in the sequel are described the main design considerations followed for the implementation of the climbing robot prototype.
Intended Applications of the Climbing Robot.
The robot described in this paper was developed with the intention of being a first prototype of a vehicle intended to inspect high man-made structures of ferromagnetic materials, such as fuel storage tanks, towers for wind turbines, and ship hulls.
All these structures generally present a smooth surface, without big curvatures and are characterized by the existence of welding cords (or protrusions), in the vast majority of the cases of small height, along the surface.
Given these specifications it was decided to adopt a wheeled robot, with four wheels, and with a sort of a suspension system, to which we refer as the dynamic adjustment of the adhesion system, able to cope with the welding cords.
Computation of the Magnetic Adhesion Force.
In order to choose the adequate permanent magnets for the robot under development, some considerations regarding the weight of the final vehicle were first made.
The main idea was to build a robot adopting a modular structure, being constituted by a rigid PVC base and four equal standard units (each containing a motor and a wheel for locomotion and another motor and a magnet for the adhesion), assembled on it, as will be described in greater detail in the following section. Each of these standard units is composed of an actuated locomotion system composed by a pair of wheels, one in rubber and the other magnetic (that was not considered in the initial phase of the project), and an actuated structure to adjust the permanent magnet distance to the displacement surface.
The weight of each motor, given by the manufacturer is 1.78 N. Since each module possesses two motors, their weight is 3.56 N. Each rubber wheel weights 1.36 N. For the modular metallic structure (developed in steel) we estimated a weight of approximately 5 N, for each unit. Summing up these values, it was considered a weight of 9.92 N for each module.
On top of this structure was assumed that would be assembled a standard Allen Bradley MicroLogix 1100/1763 Programmable Logic Controller (PLC) weighting 8.3 N, without considering the I/O modules. These modules add about 4.9 N to the vehicle weight.
Furthermore, we predicted the adoption of a few printed circuit boards (PCB), for the implementation of the discrete control of the motors of the vehicle. For all the needed PCB we estimated a weight of 5 N.
Summing all these values, we reach the conclusion that the total estimated weight of the vehicle would be around 57.88 N.
Selection of the Permanent Magnets.
Based on the previously described estimates for the total robot weight, the worst condition was assumed. Under this condition the robot would need to be supported on the displacement surface upside down. This meant that the four permanent magnets had to develop a force, at least, equal to 57.88 N (or approximately 15 N for each magnet). The magnetic force developed by permanent magnets depends heavily on the following factors: distance between magnet and object (the force decays very rapidly with the distance), material of object of magnetic attraction (there is a loss of 30% of the magnetic force if the surface where the robot moves is built of construction steel, which is the usual for the applications under consideration), surface area of the object of magnetic attraction, direction of the force and thickness of the object of magnetic attraction.
Given these considerations, was assumed the rather unfavorable situation that on normal robot operating conditions the magnet would only develop approximately 15% of the maximum possible force. This implies that the maximum achievable force by the permanent magnet would be 100 N.
Looking at the supermagnete manufacturer catalogue permanent magnets characteristics, were chosen supermagnete FTN-20 permanent magnets. Each of these permanent magnets presents a maximum magnetic force of approximately 108 N, under "optimum conditions."
Mechanical Structure
Based on the robot design considerations, discussed in the Section 3, in the following is described the implementation of the climbing robot prototype.
This robot is built adopting a modular structure, being constituted by a rigid PVC base and four equal standard units (each is a locomotion and adhesion module), assembled on it [33] . Each of these standard units (Figure 2 ) is composed of an actuated locomotion system composed by a pair of wheels, one in rubber and the other magnetic (Figure 2 , lower left corner), and an actuated structure to adjust the permanent magnet distance to the displacement surface ( Figure 2 , lower right corner). Each module will be described in detail in Sections 4.1 and 4.2. 
Magnet adjustment system
Locomotion system (motor and wheel) 
Adhesion
System. The adhesion module is responsible for supporting the robot weight when it is placed in a vertical ferromagnetic surface. This unit is composed by the permanent magnets and by two inductive sensors, responsible for detecting the distance to the locomotion surface. Figure 3 schematically presents the system for the dynamic adjustment of the distance between the permanent magnets and the surface of displacement. The actuated system is composed by the motor (Gearmotor 12 VDC 33 rpm) coupled to the support structure, the permanent magnet (supermagnete and the inductive sensors (IFM IY5049). Using the distance information obtained by the two inductive sensors, it dynamically adjusts the magnet distance to the contact and locomotion surface using an actuated worm shaft.
One of the inductive sensors is responsible for detecting the high position (farthest point from the attachment surface) and the other the low position (nearest point from the attachment surface). The permanent magnets dynamic adjustment system can use two distinct modes of reference (in relation to the high or low position detection inductive sensor).
In Figure 4 it is possible to see a photograph of the developed dynamic adjustment system, to keep a constant distance between the permanent magnets and the surface where the robot is moving, in the presence of irregularities. Sliding guide Compensation spring Figure 6 : Photo of the autolevelling system, with the sliding guide and spring compensated structure.
Locomotion
System. Concerning the locomotion system, each of the four standard units, which is mounted on a set that also contains the magnet vertical adjustment system, consists of a motor (Gearmotor 12 VDC 62 rpm encoder) and a rubber wheel (with a diameter of 50 mm) to improve the adhesion to the surface of displacement. A small circular magnet (with a diameter of 10 mm) is assembled in an almost parallel assembly to the outermost part of the wheel, with the possibility of rotation in synchronism with it. Its purpose is to maximize the adherence to the contact surface, allowing the robot to move from a horizontal surface to a vertical one. Figure 5 illustrates this peculiarity of the locomotor system.
An autolevelling structure, composed of a mechanism with a sliding guide and compensated through a spring, was implemented in the two rear modules to assure the total adherence of the four locomotion units to the contact and locomotion surface, even when this surface does not present perfectly flat and regular characteristics, as can be seen in Figure 6 .
Assembly of the Standard Units in the PVC Base.
The assembly of the four modules, to give rise to the robot, can be seen in Figure 7 , where it is possible to clearly identify the four equal standard units (Figure 7(a) ) and the assembled robot standing on a vertical ferromagnetic surface (Figure 7(b) ), being also possible to note the standard units and the logical control unit of the machine.
Control Architecture
The control of this robot is based on a standard Allen Bradley MicroLogix 1100/1763 PLC. The control program adopted for its operation is implemented on the PLC, with the aid of a programming software proprietary of the used PLC (Allen Bradley).
PLC Inputs/Outputs.
According to the manufacturer, this PLC is adequate for remote monitoring and for applications that require high memory space, but it presents a rather limited number of inputs/outputs (I/O). Thus, it was necessary to attach two expansion boards, one with eight digital inputs (1762-IQ8) and another with eight digital relay outputs (1762-OW8).
This way, since the PLC allows the use of 10 inputs, and the expansion module has 8 inputs, there is a total of 18 inputs available for use.
This PLC is limited to the possibility of using only two direct analog inputs. These can be configured to be connected to devices that have voltage output. In this application, these PLC inputs are used to connect the front and rear ultrasonic sensors (also called sonars) used to detect obstacles.
The set of outputs used is obtained directly from the PLC, as well as from the expansion module, which is coupled by a dedicated bus to the PLC. The PLC allows the use of 6 outputs: two using Fast FET, two using FET and two using relays, while the expansion module provides 8 outputs, all of them using relays.
Besides the PLC, there was the need to develop several dedicated PCB to support the adequate control of the system [34] . This electronics is devoted to power the entire system and to its configuration and logical control. Figure 8 presents the schematic implementation of the complete control system. It is possible to identify in the diagram of Figure 8 the implementation of a set of logic circuits, allowing the optimal use of the scarce I/O resources available in the PLC.
Logical Circuits.
Both the Adhesion Unit and the Locomotion Unit are associated with a logic circuit that allows its optimized control by the PLC [34] .
In the case of the Adhesion Unit control logic electronic circuit, its working principle is based on a binary up/down counter (74HCT4516 IC), aided by logical inverters and Quad Push-Pull Drivers. The Quad Push-Pull Drivers, of the L293D type, serve to drive the four motors, with a voltage of 12 V DC. In each L293D are combined the four half-H drivers to form two H bridges, which drive two motors (both on the same side of the climbing robot). This system allows to set the rotation direction and the start of each motor in an individual and independent way.
Regarding the Locomotion Unit control logic electronic circuit, the operating principle is similar to what was described for the control of the Adhesion Unit, with some minor differences that are associated with the particularities of this Unit [34] .
DC Power Circuits. The Adhesion and the Locomotion
Units have each a DC power supply circuit associated [34] . The DC Power Supply is implemented based on monolithic type regulators. The climbing vehicle possesses two of these circuits. One of them is used to provide the 5 V DC that powers all the digital circuits and 2 × 12 V DC for each pair of motors of the Locomotion Unit. The other circuit is used to provide the 5 V DC that powers the access point (AP) WiFi 802.11g (the system for the remote communication with the robot), and 2 × 12 V DC for each pair of motors of the Adhesion Unit.
The remaining electronic circuitry, such as the PLC and the whole set of sensors (except for the sonars, in the front and rear of the robot, used to detect obstacles, that are 5 V DC powered by the digital part), are powered directly from the 24 V DC supply. Therefore, there is a system of power distribution at the 24 V DC voltage level.
The Main Power Control Panel allows to power the entire mobile robot, and presents the future possibility of integration with batteries and their electrical charging circuit.
There is also, integrated into the power supply system, a DC-DC conversion unit (DC-to-DC converter). Its function is to dissipate as heat, through a controlled fan, the excess of power delivered from the 24 V DC supply, given the lower voltages also needed, such as 5 V DC and 12 V DC. The DC-DC converter is powered from the 24 V DC (Main Power) and provides two distinct voltage levels at its output. One, of 9 V DC, used to supply the monolithic type circuit that provides 5 V DC/700 mA to the AP Wi-Fi communication system. The other, of 12 V DC, supplies the monolithic circuit that provides 5 V DC/200 mA to all logic/digital circuits complementary to the PLC logical operation. Figures 9 and 10 show the adopted electrical layout and a subtitled description of their functions and interconnections, namely, on the top and bottom surfaces of the climbing robot.
Electrical Layout.

View from the Top Plane.
It should be noted in Figure 9 the Ethernet connection between the Wi-Fi access point and the PLC, that will allow to program and control the entire vehicle. Figure 10 is all sensory components that allow the robot PLC to obtain feedback from the actions and mechanical interaction of the vehicle with the environment.
View from Lower Plane. The main aspect that is depicted in
Programming of the Control System
PLC Program.
The control program adopted for the vehicle operation is implemented on the PLC, in the Ladder programming language, with the aid of the RSLOGIX 500 programming software proprietary of Rockwell Automation. The PLC program takes into account the characteristics of the MicroLogix 1100 PLC used in the prototype. In its implementation was essential to handle, in an organized way, the data records that exist by default (default data files), with the aim of obtaining a structured programming. These records are for use as Tags throughout the program developed for the PLC [35] .
In this program was established a main routine and four subroutines. In this case, the main program (main routine) is associated with LAD 2, and the remaining LAD (LAD 3, LAD 4, LAD 5, and LAD 6) are called by the main routine. The reason associated with this structure is related with the logic function assigned to each routine [35] .
Besides calling the other routines, the main routine (LAD 2) is responsible for some initialization logic of the robot and for the main control over the locomotion and adhesion systems. It is also responsible for handling the logic required to connect the external logic circuits to the PLC, allowing an interface with the motors through the binary counters (74HCT4516 IC) and the H bridges (L293D IC).
The LAD 3 routine implements the logic required to configure and manually control (by a robot operator) the locomotion and adhesion systems.
Routine LAD 4 has all the logic needed to automatically control the adhesion and locomotion systems of the robot, without requiring any operator intervention. It is this routine that controls the magnets position regarding to the robot locomotion surface and handles the possibility of autonomous surface exploitation by the robot.
The LAD 5 routine processes the signals received from the sensors, in particular as regards the sonars for obstacle detection, and the motors rotational asymmetry detected by the encoders.
Finally, LAD 6 is associated with the logic control of a local physical manual control interface (Figure 11 ), constituted by two pressure switches, which are coupled to two digital inputs in the PLC. This interface allows to act on (4) move the four adhesion units to the security zone, that is, in a direction opposite to the locomotion surface.
As can be identified in Figure 11 , the local physical manual command interface is also used for the connection of the front and rear robot sonars to the +5 V DC power supply and to the IV1 and IV2 PLC analog inputs.
Human-Machine Interface
In order to have a more friendly graphical environment for those who remotely operate the climbing robot, a software application was developed and is used as a human machine interface (HMI). This HMI application is of the Supervision Control and Data Acquisition (SCADA) type. The used software is the RSView32 (from Rockwell Automation), which provides greater ease of manipulation of the variables defined in the program that runs on the MicroLogix 1100 PLC. Figure 12 shows a picture illustrating the graphical environment of the prototype command interface, and its connection to the PLC.
It is possible to access all the configuration parameters of the adopted adhesion and locomotion processes, and have feedback from the physical variables measured by the climbing robot sensors, from any computer running this SCADA, and the dedicated programming associated, with its HMI directed towards the remote operation of the robot. In developing the SCADA/HMI program, were created and programmed seven graphs whose general function is associated with the remote control of the climbing robot [35] . The characteristics of each chart and its particular function are described below.
(1) The graphic/display "General", which is the HMI display screen. (2) The graphic/display "Choice", which is the "gateway" to the other graphics/displays. (3) The graphic/display "Alarms Register" allows the operator to view the list of active alarms and the occurrences log file, besides allowing to act on its recognition, activation, or deactivation. (4) The graphic/display "Auto" is responsible for monitoring the remote operation capability of the vehicle, on automatic mode, while exploring the surrounding environment. Figure 13 describes this control. (5) The graphic/display "CFG General" is used to configure some parameters related to the functioning of the robot. (6) The graphic/display "Manual Adhesion" allows to manually operate the various features of the climbing robot that constitute the adhesion system. (7) The graphic/display "Manual Locomotion" allows to manually operate the various features of the climbing robot integrating the locomotion system ( Figure 14) .
Concerning the option "Manual Locomotion" (see Figure 14) , it is important to mention the possibility of manually controlling each movement in all directions. This possibility is allowed by the direction keys [35] .
To assist the manual remote control of the robot locomotion, it is shown in the graphic/display "Manual Locomotion" the estimated travelled distance (in centimeters) by each wheel, allowing to identify asymmetries in the movement. There is also an indication of the distance (in centimeters) to any obstacles that are on the front or rear of the robot. When the obstacle is within the preset distance to the robot it stops, unless this option is disabled [35] .
With all these graphics/displays, provided by the remote monitoring system of the robot (its HMI), it is possible for an operator to have "access" to all equipment placed on board the autonomous climbing robot. This allows the internal and external monitoring of the mobile system, and to operate the various features available in a controlled manner.
Experimental Results
The climbing robot, whose development is described in this paper, was the target of an initial study that focused on the best way to implement its mechanical structure (crucial to the operational success).
The robot mechanical structure would have to be structurally rigid, and the total backlash would have to be less than the desired accuracy of the adhesion units, particularly to control the distance of the magnets to the surface of mobility on the order of 1 mm. Thus, it was adopted a lightweight, but structurally with low deflection, base structure (built from 8 mm thick PVC), reinforced with the top-to-top assembly of the Adhesion/Locomotion Units (that were accurately machined) over this base. This way a low deformation of the structure, when faced with the magnetic forces generated towards the surface of locomotion, has been achieved.
However, despite this careful implementation technique, a problem arose associated with a small backlash in the shafts of the locomotion motors. This backlash, comparatively to the precision required for the controlled adhesion, is somewhat critical and causes some problems during the robot movement, including the possibility of contact between the permanent magnets with the ferromagnetic surface. Thus, as a way of overcoming this situation, it is necessary to adopt a very strict control criterion for maintaining the distance between the magnets to the surface, working with distances slightly greater than ideally possible and minimizing the response time of the Adhesion unit, in view of the demands of the system. After concluding the development of the climbing robot, the prototype was subjected to several locomotion and adhesion tests.
During the tests performed on vertical surfaces, there were identified two major problems for a successful displacement of the robot in any desired direction, and whose resolution presents some difficulty.
The first problem is intrinsically linked to the mass of the final prototype (approximately 5 kg), which forced the use of permanent magnets with approximately 108 N of force generated while in direct contact with the ferromagnetic surface, and a curve of force versus distance inversely proportional to the distance (on a roughly logarithmic form). These magnets, under certain conditions of approximation to the surface, cause the surface deformation towards the source of the force generated, providing many times an unwanted direct contact, due to the created friction.
The second identified problem is quite limiting of a smooth motion of the prototype, because it is related with the ability of the wheels to adhere to the surface for implementing the locomotion, when it presents little roughness (even presenting a polished appearance). Under these circumstances, given the ratio of the prototype weight, compensated for the achieved adhesion, with the wheels adhesion to the locomotion surface (direct relationship, in which more weight means greater adherence), the robot may have great difficulty in moving vertically. To minimize these problems it is necessary to test several modifications to the wheels (using a different type of rubber, making the surface rougher, etc.), to increase its adherence and, as already stated above, adopting a very strict control criterion to maintain the distance of the magnets to the surface, in order to keep under control the effects of the surface structural deformation. It is, nevertheless, necessary to consider that any action on the wheels, to change the adherence, may have effects on the maneuverability, because the robot has four fixed wheels and changes direction by the opposite rotation of the wheels on opposite sides.
It can also be useful to test the use of more "powerful" magnets which, although seeming a contradiction to what has been stated previously, would allow the adhesion units to work at a greater distance from the displacement surface, developing an equal, or even higher, adhesion force. In this situation, in case of surface deformation, the possibility of contact would be smaller, and the adherence could be improved due to a major "squeeze" of the wheels against the surface.
As part of the mechanical adjustments to be made in the prototype, it is necessary to pay special attention to the adjustment of the rotating magnets (mounted in parallel with the locomotion wheels), the inductive sensors for monitoring the adherence and to the photomicrosensors used for detection of the vertical position of the Adhesion System.
The rotating magnets have to be adjusted so as not to hamper the full contact of the rubber wheels with the surface (even with a slight deformation), in order to obtain the maximum possible adhesion by the materials in contact.
The inductive sensors have to be adjusted relative to each other, and both in relation to the magnet, to comply with the adjustment process programmed for the Adhesion Unit.
The photomicrosensors, since they are a guarantee to avoid structural damage to the Adhesion unit, have to be positionally tuned to prevent the drive shaft to move the coupled structure off the limits of the mechanical security zone.
The electrical/electronic component used a mix of commercial equipment, such as the PLC and the expansion cards, and other equipment developed entirely by the authors (from their electric design to the execution of the PCB and the electronic assembly), such as the power sources and logic/digital circuits.
All the sensory parts were also selected to address the desired application and purchased commercially. Here, there were two major problems. The first is related with the sonar performance. Contrary to the specification, they present a weak opening and a low selectivity in detecting obstacles, not detecting those that are more distant from the center or the ones with a smaller size. The other problem is related to the design adopted for the motors control, including the ones from the Adhesion unit. Due to constraints associated with the limited number of I/Os provided by the PLC and expansion cards, a series implementation was adopted in controlling the direction of rotation of the motors, as opposed to the most common alternative (in parallel). Thus, the used outputs were rationalized, but the response speed and simplicity of control was sacrificed. In the particular situation of the response speed, this may present some obstacles to achieve a control criterion as effective as possible, for keeping the optimum distance of the magnets to the surface of locomotion, given the tolerances inherent to the actual mechanics and motors used.
The PLC programming took into account the functional requirements defined initially for the climbing robot, which are accessible in a friendly way via the HMI. However, there was a problem that is directly related to the number of fast counters available for this PLC model (just one counter). As there are four encoders (connected to common counters), that at the maximum associated motor speed generate impulses at a frequency of around 338.6 Hz (one pulse every 3 ms), and considering the cycle time of the PLC program (which is around 10 ms), there is loss of some pulses on each rotation of the gearmotor. Therefore, the value of the travelled distance cannot be obtained directly from the encoders, being, alternatively, calculated from the direct relationship between the number of pulses detected by the PLC for a unit of length. Since there are some minor fluctuations in the PLC cycle times, a small error is thus introduced in calculating the travelled distance with the use of the above indicated procedure. The solution would be to implement four real time counters, which later would provide the read values to the PLC.
From the overall results obtained, it can be concluded that these were very positive, since the approach to the dynamic positioning of the permanent magnets over the surface of locomotion, is quite promising in terms of results. However, special attention is needed to the final weight of the robot, because it could jeopardize its ability to adhere to the surface and lead to the surface deformation due to excessive adhesion force to maintain the adherence. Another aspect to improve is the way as the change of direction is implemented. This should be less dependent on the frictional characteristics of the surface, as this creates a problem of balance in relation to adherence. The ideal would be the Locomotion System having directional wheel(s) with associated direction change.
In conclusion, a possible miniaturization of the prototype, with a substantial reduction of its weight (without losing the technical offer in terms of processing and communications), associated with some minor modifications, particularly in the case of the change in direction, would lead to a high mobility climbing robot in any ferromagnetic structure and a good antifall safety, providing an excellent efficiency for carrying out the required tasks.
The prospects for future developments in this prototype are very encouraging, because there is a very broad and simplified room for maneuver. In terms of mechanical structure, it is perfectly possible to implement and test new systems, because the structural platform is quite flexible. At the programming level, it is easily possible to test new algorithms and control schemes for the adhesion and locomotion systems. The use of an industrial type PLC allows having a set of tools designed for simple and efficient use, even in more complex scenarios. The use of a communication network such as Ethernet allows to integrate a range of equipment from third parties, geared towards the development of the prototype itself, or other (precision instruments), to allow the climbing robot hired inspection, besides allowing the robot integration in a more global communication infrastructure, such as the Internet.
It is thus quite possible to control this robot remotely, from anywhere in the world via the worldwide public network (the Internet) using, for example, a Virtual Private Network (VPN) type of connection.
Conclusions
Considering the severity of many environments where there is the need for human labor, the use of climbing robots in these applications presents a broad perspective. The main applications envisaged for these machines range from cleaning to inspection of difficult to reach man made constructions.
Up to now, considerable research has been devoted to these machines, and more than 200 prototypes for these applications have been developed worldwide by the year 2006 [10] . However, the practical application of climbing robots is still limited. Apart from a small set of successful manufactured products (being the success measure a relative one), most are just prototypes and few of them can be found in normal use, due to its poor performance during on site testing.
To make climbing robots a popular substitute for manual labor, are prerequisites a high reliability and high efficiency and, moreover, at an affordable price [13, 36, 37] . Meeting these demands is still far, which indicates that there is still a long road of development and improvement to go [2, [38] [39] [40] .
Given these considerations, this paper presented the development of a climbing robot, namely its mechanical and electrical construction, the control architecture and the HMI for its control. This vehicle presents wheeled locomotion, while the adhesion is implemented through permanent magnets, and is intended to be used in the inspection of different types of ferromagnetic structures. The distinguishing characteristic of this machine is its dynamic adjustment system of the permanent magnets in order to assure the machine adhesion to the surfaces, even when crossing irregular and curved surfaces.
The robot structure (both mechanical and electrical) is now complete, as well as the programming of its control system. Several tests have confirmed the adequacy of the vehicle to the intended application, while manually and remotely controlled, verifying its adequacy to the locomotion in ferromagnetic vertical surfaces with irregularities and curvatures, while in autonomous mode.
